Boiling jet impingement cooling is currently being explored to cool power electronics components. In hybrid vehicles, inverters are used for DC-AC conversion. These inverters involve a number of insulated gate bipolar transistors (IGBTs), which are used as on/off switches. The heat dissipated in these transistors can result in heat fluxes of up to 200 W/cm 2 , which makes the thermal management problem quite important. In this paper, turbulent jet impingement involving nucleate boiling is explored numerically. The framework for these computations is the CFD code FLUENT. For nucleate boiling, the Eulerian multiphase model is used. A mechanistic model of nucleate boiling is implemented in a user-defined function (UDF) in FLUENT. The numerical results for boiling water jets (submerged) are validated against existing experimental data in the literature. Some representative IGBT package simulations that use R134a as the cooling fluid are also presented.
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. These studies include experiments, theoretical analyses, and numerical simulations. Considerable attention has also been focused on boiling jets. Boiling liquid jets take advantage of the latent heat of vaporization of the fluid to provide fairly high heat transfer coefficients (>20,000 W/m 2 K), which makes them attractive for electronic cooling applications. The boiling curve for a saturated liquid is shown in Fig. 1 . Typically, for electronic cooling applications, nucleate boiling is the preferred regime of operation because a small increase in wall superheat is accompanied by a large increase in the wall heat flux dissipated. Also, in electronics, it may not be possible to afford very large temperature differences between the solid surfaces and the liquid-a characteristic essential for regimes such as film boiling. In the context of boiling liquid jets, extensive work has already been reported in the literature [5] [6] [7] [8] [9] . Many studies have been carried out with circular [10] [11] [12] [13] [14] [15] [16] [17] as well as planar [18] [19] [20] [21] jets in both free-surface and submerged configurations. This includes single and multiple jets [14, [22] [23] [24] [25] [26] . In the nucleate boiling literature, most of the correlations are cited in the following form:
where C and m are determined by curve fit to the experimental data, ∆T sat = T wall -T sat is the wall superheat, T sat is the saturation temperature of the fluid, T wall is the wall temperature, and sat q ′ ′ is the wall flux.
Most of the heat transfer data are cited in the form given in Eq. 1, which can be rewritten as:
where h is the heat transfer coefficient, ∆T sub = T sat -T f , where T f is the fluid temperature, is the amount of subcooling in the fluid. Nucleate boiling is governed by intense bubble motion and mixing, so it is a strong process that does not depend on many jet parameters, unlike single-phase jets. Jet diameter, jet orientation, number of jets, jet configuration (free-surface or submerged), and even jet velocity do not have much effect on the heat transfer in nucleate boiling [5] . The target surface plays a critical role in the bubble nucleation process [27] . In fact, much of the difficulty in obtaining truly non-dimensional correlations for nucleate boiling arises from this. Surface conditions, surface aging, and even the condition of the surface during the course of an experiment [10] all have a considerable impact on the heat transfer results. The other aspect that has been given considerable attention is the critical heat flux (CHF) (Fig. 1) [5, 8] . When CHF occurs, the temperature of the wall shoots up because of dry-out conditions in which no liquid is in contact with the surface to sustain boiling. A schematic of this phenomenon is shown in Fig. 2 [5] . The liquid sub-layer (Fig. 2) drawn from the main liquid jet supply sustains the boiling process. When liquid cannot be supplied to this sub-layer, dry-out occurs, and CHF is reached. Considerable work has been done to develop non-dimensional correlations that show the dependence of the CHF on other parameters [13, 25, [28] [29] [30] [31] [32] . Typically in the literature, empirical correlations are presented only for certain simple geometries. For thermal design that involves more complicated geometries, it is important to have CFD modeling capability. Although multiphase models have been presented in the literature [33, 34] , CFD modeling of boiling jets is still in its infancy [35, 36] . Numerical studies of phenomena such as nucleate pool boiling [37] and film boiling [38] [39] [40] are just beginning to appear in the literature. A significant amount of experimental work has also been reported in the literature on spray cooling (e.g. [41] [42] [43] ). Both sprays and jets have their advantages and disadvantages. For some applications, sprays might be more suitable, while for others, jets may be a better choice. This paper presents CFD modeling of jets involving nucleate boiling. It is not possible to model boiling jets in the commercially available version of FLUENT, so a user-defined function (UDF) was used to perform these simulations. For nucleate boiling, the Eulerian multiphase model is used. A mechanistic model of nucleate boiling is implemented in a UDF in FLUENT. The numerical predictions are validated against experimental studies on submerged jets involving nucleate boiling. These experimental studies involve water and R-113 as the fluids. After this, IGBT package simulations are reported with a submerged boiling jet of water. To the best of our knowledge, these validations and IGBT package simulations with boiling jets are being reported for the first time. A comparison between single-phase and boiling jets from the heat transfer viewpoint and in the context of cooling the IGBT package is also presented. 
CFD MODELING OF JETS IN THE NUCLEATE BOILING REGIME: VALIDATION WITH EXPERIMENTS
In this section , we present CFD modeling of jets in the nucleate boiling regime.
Eulerian multiphase model description. The following are equations for the conservation of mass, momentum, and energy for the Euler multiphase model [33, 34] implemented in FLUENT 6.2. Mass conservation equation for phase q:
where α is the phase fraction of phase q, ρ is the density, v r 
where τ is the shear stress, R 
where h is the enthalpy, q r is the heat flux vector, S is the source term, and Q is the energy exchange term between the different phases. The following are restrictions on interfacial mass, momentum, and energy interfacial exchange terms:
Most sub-cooled boiling flows are turbulent, so the mixture phase k-epsilon model is used:
where k is the turbulent kinetic energy, µ is the viscosity, ε is the dissipation rate, G and S are source terms in the turbulent kinetic energy equation.
( ) 
Mass conservation equation.
Rate of vapor formation per unit of volume in Eq. 1 becomes:
where lv h is the interfacial heat transfer coefficient calculated from the Ranz-Marshall correlation;
is the interfacial area density, where 
The lift-force coefficient is calculated as (Moraga et al. [44] ): Turbulent diffusion force is calculated as [33] :
where turbulent dispersion coefficient
Energy conservation equation. In a number of scenarios, it is reasonable to assume that the temperature of vapor inside bubbles is close to saturation. Ideally, the energy equation for the vapor should be solved. However, as a simplification, the vapor energy conservation equation is not solved, and the temperature of vapor mass is set to saturation. The source term due to wall heating goes entirely into the liquid phase:
According to the RPI model, the total heat flux from wall to liquid is partitioned into three components: 
where f is the bubble departure frequency, κ is the thermal conductivity, C is the specific heat, and ρ is the density.
Evaporative heat flux is given by:
where d is the bubble departure diameter, n is the nucleation site density, and L is the latent heat. In Eqs. (23) where all variables are in SI units. In Eq. 23:
where subscript s denotes the solid material of the wall where boiling occurs, U is the free stream velocity, and p is the pressure. In Eqs. 25 and 26, liquid temperature and velocity are local values at cells next to the wall. Because FLUENT 6.2 is an unstructured solver, the calculation of these parameters is impossible in the general case. Again, these correlations were originally developed for use in structured or one-dimensional codes. So instead of using local cross-section averaged values, local values at the cell next to the wall are used. This means that bubble departure diameter will be somewhat overestimated, but bubble departure diameter is not very sensitive to local sub-cooling, as follows from Eqs. 23 and 25. According to the experimental data of Prodanovic et al. [47] , Eqs. 23-26 give reasonable agreement with experiments for water boiling at atmospheric pressure. Nucleation site density is given by the following relation (Podowski [34] It is important to validate models against experimental data. We believe not many validations-of CFD models with experimental data on boiling jets-have been reported in the literature. Therefore, the code is validated with two experimental studies on submerged boiling jets. The effect of aspects, such as jet orientation and nozzle diameter, is also explored numerically. These aspects are covered in the following sections.
Validation With Experimental Study of Katto and
Kunihiro [11] . First, we examined the experimental study of Katto and Kunihiro [11] . The domain and the boundary conditions are shown in Fig. 3 . A water jet with 3°C subcooling at atmospheric pressure (i.e., with T inlet = 97°C) impinges on a 10-mm-diameter disk with an inlet velocity of 2 m/s. The baseline nozzle diameter is 1.6 mm, and the distance between the nozzle exit and the heated plate is maintained at 3 mm. A heat flux is imposed on the hotplate surface, as shown in Fig. 3 . This is a submerged jet configuration. An axisymmetric domain is established. The RNG k-epsilon model with standard wall functions is used. With the use of the standard wall function, the y+ close to the walls should be maintained above 11.
All the results presented here are expected to be meshindependent to within 5%. The properties of water at 1 atmosphere pressure are listed in Table 1 . Figure 4 shows the comparison of the wall superheats from the experiments and CFD modeling.
There is ambiguity about the exact temperature measured in the experiments. All indications are that the stagnation point temperature is reported in the experiments. Figure 4 shows the stagnation as well as the average wall superheat. The experimental data are close to the stagnation superheat (within 10%), which is encouraging. Given the nature of this problem, uncertainties on the order of even 30% are acceptable. There is temporal fluctuation in all quantities-such as temperature, fluid volume fraction, mass flow rates, and energy transfer rates-obtained from the CFD simulations. A temporal average is reported here. Figure 5 indicates the vapor volume fraction for two cases: heat flux of 50 W/cm 2 (left) and 100 W/cm 2 (right). For the 100 W/cm 2 , the vapor volume fractions are much higher, as expected. Figure 6 lists the target surface superheat for two cases of 50 W/cm 2 (left) and 100 W/cm 2 (right). As expected, the superheat for the 100-W/cm 2 case is higher than that for the 50-W/cm 2 case. Also, the stagnation point is associated with the highest temperature, whereas away from the stagnation point, the temperature is almost uniform. Figure 7 shows the liquid temperature in the domain for the two cases of 50 W/cm 2 (left) and 100 W/cm 2 (right). The liquid temperature rises as it flows along the hotplate and reaches a maximum temperature almost at the edge of the plate. The stagnation point is not associated with any vapor formation and accumulation because the liquid is not heated up, and vapor condenses in the liquid. However, away from the stagnation point, as the liquid is heated up, the vapor formation is sustained. This is evident in Fig. 5 . Effect of jet orientation. Typically, experiments have revealed that jet orientation does not affect nucleate boiling [5, 13] . To study the effect of jet orientation with respect to gravity, in Fig. 3 [11] the direction of gravity was reversed. In one case, the direction of vapor rise is against gravity (the baseline case); in the other case, the direction of vapor rise is in line with gravity. The results are summarized in Table 2 . For both cases (with 100 W/cm 2 ), there is not much difference in the average wall superheat and the stagnation superheat, which is in line with experimental observations. However, for the case in which the vapor rise is in line with gravity, the vapor volume fraction increases because gravity causes the vapor to get locked up near the walls. The small difference in liquid temperature may also be related to this effect.
Effect of nozzle diameter. The Katto and Kunihiro study [11] indicates that the jet diameter does not have much effect on the boiling curve. Here, the code is tested with this experimental observation. For the case of 100 W/cm 2 , three nozzle diameters are used ( Table 3) . The 1.6-and 1.16-mm cases are comparable in terms of average wall superheat, liquid temperature, and vapor content. With the 1.6-mm nozzle, the velocity is 2 m/s; with the 1.16-mm nozzle, the velocity is 2.5 m/s; and with the 0.71-mm nozzle, the velocity is 2.4 m/s. It is important to note that mass flow rate for three cases is not the same. The CFD results for the three cases (Table 3 ) match well with the experimental data (within 20%). Impact of mesh refinement. The original mesh contained 2312 cells. The mesh was refined so that the total number of cells increased to 9248. The average wall superheat was found to be 12.7 K. For the original mesh, which had 2312 cells, the wall superheat was 12.6 K. This suggests that the results from the original mesh are mesh-independent to well within 2%.
IGBT PACKAGE SIMULATIONS WITH BOILING JETS
The previous section established some confidence in the CFD predictions of FLUENT by comparing them with experimental data from the literature. This section explores IGBT package simulations with boiling jets. The axisymmetric domain used in the simulation is shown in Fig. 8 . The IGBT package consists of several layers. The silicon die is mounted on a copper layer, followed by an aluminum nitride layer, another copper layer, and finally the aluminum baseplate/heat sink. Further details on the IGBT structure can be found in reference [50] . These boiling simulations are fairly intensive and take several hours to converge on 64-bit Linux machines with 1.4 GHz processor speed-even with a small spatial mesh (i.e., small number of cells).
In the automotive industry, R134a is the working fluid used in the airconditioning units. Here we explore the possible use of R134a as the cooling fluid for the IGBTs. The simulations presented here are performed with an R134a (properties given in Table 4 ) jet inlet temperature of 47°C. For the boiling simulations, the pressure is maintained at 1.318e+06 Pa (i.e. ~ 13 atmospheres), at which the saturation temperature of the R134a is 50°C. So there is a 3°C sub-cooling in the R134a temperature at the inlet. A volumetric heat generation term is included in the silicon layer to simulate heat dissipate. The heat dissipation in the silicon die is 25 W/cm 2 . This corresponds to a heat dissipation of 20.3 W. The jet inlet velocity is 2 m/s (Fig. 9) . Figures 9 and 10 show the velocity and temperature contours, respectively, in the domain. A maximum temperature of 56°C is attained. The maximum temperatures are in the silicon die, as expected. The domain used for this simulation contains 5506 cells. A simulation was performed with 22024 cells also. The results for the maximum temperature in the domain within this refined mesh were within 2% of the results from the original baseline mesh The vapor volume fraction in the domain is shown in Fig. 11 . The volume-averaged vapor fraction for this case is 17% (Table 5 ). Figure 11 also gives a hint that in this reduced IGBT structure, the vapor does not have a very clear removal path. It tends to get trapped to some extent because of the confining copper and aluminum walls. The plot on the left in Fig. 12 is the same as the plot in Fig. 10 , whereas the plot on the right in Fig. 12 is the case in which there is no boiling, and everything else is identical to the case mentioned in this section. Table 5 also has a summary of all the results with and without boiling. For the cases not involving any boiling, the bubble nucleation site density is equal to zero. In all other aspects, they are similar to the case involving boiling. This facilitates a direct comparison between the results of the two cases. The maximum temperature in the domain (silicon die) is 69.8 °C. The case involving boiling therefore gives maximum temperatures almost 13.8°C lower than the case not involving any boiling (Table 5 ). This is a significant difference. These results hint at the advantage that heat of the fluid, boiling may be yielding lower die temperatures than comparable single-phase flows. Of course, these numerical results need to be validated experimentally. The validations presented in Section 2 give some degree of confidence in the predictions from the code. It would be interesting to see how experimental results from the IGBT package involving boiling would match up with the predictions presented here. Overall, there is evidence of the benefits of boiling from a heat transfer standpoint. It is important to note that this model is applicable only in the bubbly flow regime. This implies that the liquid should be the dominant phase and the vapor bubbles should be the secondary phase. If there is intense boiling with a large amount of vapor formation, the basic model may not be applicable. Such regimes remain an area of research. Although experiments are essential, modeling can yield very useful information when used within their range of applicability. Tools such as those presented in the paper can be explored for thermal design involving the use of R134a or any other fluid for thermal management in power electronics as well as other applications.
Summary & Conclusions
The CFD model and code are validated against experimental studies involving submerged jets. To the best of our knowledge, this is the first time such validations are being reported. A reasonable match is found between the experimental boiling curves and those obtained by CFD. IGBT package simulations suggest that, for the case examined here, boiling jets are providing significant benefits over non-boiling jets. A tool has been established that can be used for thermal design of two-phase cooling systems in the power electronics context. 
